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- ABSTRACT 
--~diation plays an important role in the cement 
. processing industry as the major mode of heat transfer to-
. the charge in a _ cement kiln. Using the ''method of zones", 
it is possible to determine the r~diant nea~lu~ along the 
-
--- - . -- - --- ------
- -. 
-
length of the kiln, using a series of isothermal zones 
1-L---_r=:-:;:..:::..:···~·--·~·u ---
which approximate the gas shapeo The "method of zones'' 
_makes use of four types of radiation: 1) surface to .surface, 
, 
. 
' 
_· \ 
'· 
,... 
·. 
·, -
. . 
---
•. - ·- - ' .. 
I ,-
, , .. ,. . 
·...:;.:_, ____ _ 
-
I 
2) surface to gas, 3) gas to surface, and.4) gas to gas. 
Each type of radiation requires the determination of view 
factors. The object of", this thesis is to determine the 
surface to surface view factors irt a cement kiln. 
I Integral equations derived for the view factors were 
much too complex to solve analytically. Simpson's rule for 
.numerical integration over equal intervals was used to 
~approximate the solution of _these integral equations. ca·1-
culations were perform~d with the aid of the GE225 computer· 
... 
at Lehigh University.~ 
f"' ------ - " - ... 
Results were obtained at four different values of gas 
absorption coefficients for zones with a height to radius 
ratio of two. Sample calculations -,indicated that the re-
sults could be assumed to lie well within the range of en-
• • ' 
,g1.neer1.ng accuracy. • 
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Processing of solid materials requires the.application 
... 'It. -
-
-7-- - -- - - • - - 0 - of beat at temperatures often t4'ell in excess of one· thou .. 
-. 
. -
~~------~and---degrees Fa.hrenl1eit 9 under conditions that assure- the---~ 
. --,-
-- _., 
,,., '"'"'"' '·- . 
/ 
-
maximum heat transfer bettqeen the solid materials and_ the 
I 
,. products of combustion of a fuel (if direct fired), or hot 
-
-gases (if indirect -fired). In the cement industry, proces-
... 
-
- - . --··-~----·-----
--·sing of cement is accomplished by the use of a rotary kiln. 
Rotary kilns are steel cylinders lined with refractory 
brick, which have inside shell-diameters ranging from about -
eight to fifteen feet, and lengths from three hundred to 
five hundred feet. The kilns are inclined to the horizontal 
' 
plane, and are rotated at speeds ranging from four-tenths 
., .. ,,., 
·to two revolutions per minute, according. to size, by a 
' 
large girth gear or gears that are mounted circumferentially 
·on the steel shell (.see Figure 1). The kilns are fired 
----·- -- . \ . 
with pulverized coal_, atomized fuel oil, or natural gas, 
through a ·burner placed in a stationary hood mounted at 
the lower- end of the cylinder o -- The hood may also act as 
the receiving box for discharging the hot materialo Air 
__ , __ for combustion is usually preheated by passing it over the 
. / 
.. 
. r 
. J;'" 
hot discharging material .• Preheating the air serves a-
threefold. purpose: 1) increases the temperature at the 
hot end of the kiln, 2) improves the "thermal effi·ciency, 
and 3) cools the products before transfer to storage or _ 
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Figure l. Typical Cement Kil~ 
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~Operation of cement kilns· is'usually on a continuoQ~ 
·basis. The raw, wet charge is fed into the kil-n at the · 
b·igher, cooler end, where it passes . through a drying ~one 
· · . at about five hundred degre~s Fahrenhe-it. It then passes .. 
- " 
' 
-- -~- - -- -- --- ---
t ~rough a heating zone, where the temperature ranges from 
one ·thousand to eighteen hundre~ degrees Fahrenheito After 
the charge has left the heating zone, it enters the burn-
ing zone, where its temperature reaches approximately tw.o 
---- :. 
--------
,. . ... 
thousand eight hundred degrees Fahrenheit. The temperatur.e· 
range from eighteen hundred to two thousand eight hundred 
' . 
degrees is the most important for it is here that the 
... 
chemical reactions involv~d in the processing of the cement 
charge take place. Calcining takes place in the temperature 
range between eig~teen hundred and two thousand three hun-
; 
dred degrees. Calcining is the decomposition of material to 
remove volatile const_ituents, such as carbon dioxide, or· 
· combined water, such as water of hydration or from hydroxides. 
Fusing, which is the chemical reaction of solid reactants 
at or near their.temperature of fusion, takes place at 
temperatures above two thousand five hundred degrees. Here 
in the fusion zone, the charge is reacted chemically to 
yield the hot cement product. These hot solids are then 
"' , discharged from the high temperature burning zone and are_ 
- . 
cooled by forced air convection before they exit from the- · 
kiln. 
----.i.----:-··--~- - ·-------- - --- - -
· In order that ·the linirig of th~ kilri may _withstand --
-- ~· 
·the-·s-evere abrasion- and chemical attack at _the_ high tem~ - -~--~-.-~--~-. -~~--~'-
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"P~rature encountered in the fUsi~n zonV the refractory 
lining is made of high-alumina or 1ligh-silica bricl<s O To - : 
· minimize attack on these bricks, a layer of fused clinker 
·is- allo-v1ed to form over them. 
_ ........... 
Heat recovery is essential in the oper~tion · of a · 
cement kiln in order to achieve good thermal e!ficiency. 
As mentioned previously, combustion air is .. preheated by 
passing it over the hot clinker in the coolers o Thermal at-----,----·------
.~ 
... .,~:;,_-:..:..--. ..... __ -- .. 
ef f ic iency is also increased by using a series of chains 
anchored to the interior of the shell. These chains are 
.arranged in loops. As the kiln rota~es, the loops al~ernately 
dip into the slurry and then are suspended in the stream pf 
high-temperature combustion gases. In this way, material 
"· adhering to the chains comes into .(:lose contact with the 
hot gases, and more effective heat transfer occurs. er·) 
Heat transfer in cement kilns is accomplished by 
conduction, convection, and radiation. Although conduction 
r 
'- -- -- / 
• 
. . 
and convection contribute to the heat trans£ er, the high · · · 
!!"":,-
' - , . ! 
... 
:.; 
..:,. ___ - - . - .. - ---
• 
temperatures involved allow the greatest portion of the 
~ . 
heat transfer to be accomplished by radiation. Radiation 
accounts for as much as eighty-per cent of the heat trans-
ferred to the charge. For this reason, it is necessary to 
find an effe<;tive means o~ determining the 1 radiation in 
the kiln. A paper by Hottel and Cohen (2) provides a me-
. \ 
~ thod for determining radiation in a gas-filled en-closure· 
J 
using a ,technique known as the ''method ;of zones''• As the 
.,. 
. . - ' v.J 
-
.. -- _ : technique i~ somewha~ involved and would · require ·an exces~ 
" 
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-~--- --·-------~ ------aive amount of detailed descrip~ion,- -it_ -wi1·1 be briefly 
, .. 
:f;. 
~{~ 
;~~--
~': 
~> , / 
·-
-i .. 
outlined here with reference made to.the pa.per for a de-
-~-- . . -~ailed descript·ion. The analysis presented applies only to 
those systems in.which the gas_shape may be_ approximated 
by a set of cubes of side B, and where the walls of the 
~-------·----- -
·---
- - --
system may be approximated by a-set of squares of side B. 
. . 
- -.. _ ... -- - ..•. ,,. ·····-· .. -..-..... - -·~-.-.--- --- .. ··-- ··- ·- .... ·-~---·" -- . - -- . -- - -... -- -·· .. --- , . . ·- ·- .. - -·---~--.... -.. ------ -- ~- -- . --··· ------ --·----
There are·defined four types of interchange: 1) surface to 
surface, 2) surface to gas, 3),gas to surface, and 4) gas 
. 
. 
: 
~ I 
( 
------ --··· -~ ---,-----
·-·· 
--- --- ------ - - --
-
.. 
T,~ 4 (1)· 
. '\,s;s,j - S~ Sj a--
~ 
- - ... 
~ 
.... 
.. 
4 ~ T. (2) 
~s"~ 
- Si, 9j (j - Sc.. 
V 
r 
a-T,c. ~ (~) .) 'I-,.: Sj. - 'a~ s.) ,>:'; : ' .. -·--.- -
(4t) 
-ti~- ..... \' .• 
. 
·where the first of -the subscripts indicates the_ emitter 
and the second is the receiv~r, withs representing a sur-
(ace·and g a gas. The terms with the bar over them are 
called direct interchange areas. They may be thought of· 
as being composed of the product of two terms. The first 
tenn has the uni ts of area and is equal to -the area of the 
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emitter if it is a surf.ace, or 4ot times the volume of the 
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: f_actor, ·f •. f is the fraction of enex-gy emitted in any · 
zone which directly reaches any other zone, and consists· 
-of one of three l<.indso The first is t·he reception factor,•~-
-for surface to surface radiation with a non~absorbing gas 
present and 0 knovm as -the • _ _r • ; factor, Fo The 
.,. is direct view 
·' 
second kind of reception factor relates surface to surface 
·~~,,.i 
• 
radiation with an absorbing ·gas present between the surfaces. 
-0 
It is given as the product of the direct view factor and 
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t~e transmittance of the gas. In general, for finite areas, 
t·hese are not separable. ~··The reception factor for surface 
to gas. radiation is given as the product of the d~irect vie~ 
factor, the transmittance of the gas, and the absorptivity 
. . 
of:the gaso In general, these are not separable for finite 
bodieso Charts for these reception factors were developed anl 
are presented in the Hottel and Cohen paper. ,_Using these 
receptiOn factots,· it is then possible to determine total 
" ' 
< ... -~, 
. interchange areas, which include the -effects of multiple 
~ 
reflections. From these t_c:>tal interchange areas is found the 
u 
radiant heat.transfer of the system. Again reference is 
made to the Hottel and Cohen paper for the technique involved . 
.. 
. in determining the total interchange areas and the radiant r 
. 
, • • ' I . 
heat transfer. 
The ''method of zones'',·· although lengthy,· provides . 
an effective means of determining radiant heat transfer 
. . 
in bodies of applicable shape. HoweVer, ~his method.employs 
a. degree. of approximation in assumi~ the. cubical ··isother-
' -
-mal·shape of-th~ enclosure. This cubicaltsbppe was.assumed in 
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order to eliminate the difficulties involved in the deter-
mination of ·viev, factors, as the view factor for the con-
figurations employed in this method are, rather easily 
ootainable. A_tQore accurate determination of these view 
_factors is obtainable by more closely representing ~he 
• 
I, 
'!, '"':'·;."" 
actual structure of the body. This can be done by retaining I 
the-cylindrical shape of the cement kiln and considering I 
the charge to have a flat surf ace., the pla.n~ of whic~- ~_s ________ -_J 
perpendicular to the center of the cylinder. The object of 
this thesis· is to present a method of determining the sur-
face to surface v!ew factors using this configuration. 
· Instead of using isothermal cubes, isothermal cylindric.al 
segments will be considered. 
A surface to surface view factor (hereafter referred 
to· as view factor), which is defined as the fract·ion of 
energy directly incident on one surface, from another 
surface assumed to be emitting energy diffusely, is generally 
difficult to evaluate. Referring to Figure 2, the __ equation 
-for the determination of the view factor from A1 to A2, 
- designated F12, is given by: 
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The view factor --from A2 to A1, F21, is given by the equation: 
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.. By comparing the two equations, it is ~bserved that the 
follow relationship exists: 
A, F.i ~.°'\ .. _,/ 
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This can be a very useful relationship if either F21 or F].2-- · 
-
is 1m·own. (3) The above equations for F12 and F21 are 
--
val id when the medium between t.he surf aces Ai and A2 is 
transparent; that is, there is no absorbing gas between I 
-
the two surfaces. When an absorbing gas is present~ it ·is 
necessary to take into account the amount of radiant energy 
-absorbed by the gas. The equations for determining F12 and 
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F2i · then become: 
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where oL is the .absorption coefficient. 
As is t-he case in the dete-tillination of moat view·~-- -
. --
factors, especially when an absorbing gas· is present, the 
• 0 ~;- • 
exact solutions for the view factors in the cement kiln 
were not readily obtainable by ordinary integrationo For ----·-
this reason it was necessary to seek another method which 
would provide reasonably accurate results an4 reduce the 
difficulty of solution of these complicated-integral equa-
tions. A study of mathemat.ical met.hods indicated that 
numerical integration would satisfy the requirement. 
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II •. Numerical Integration -
... 
The methods of numerical integration have proven to. , 
-
be quite useful in tg.e solution of _integrals whose exact _ 
solutions are not easily ·found by the use of integJ;al ~· __ ,_-;-
_,/ ----
_" formulae o Many exact solutions ~re quite lengthy and require 
an exhaustive knowledge of the techniques of substitution 
and.integration. Through the use of numerical methods, one 
' . 
--
~ -A;· I .._ 
-7~~-n arrive a t _____ an ___ approximate.--s.olution--to---a- --com pl ieated- ---- ~ !+------- -· ---
·. r• 
J 
• 
integral in a relatively short period ot time without ex-· 
• periencing the difficulties normally encountered in inte-
gration by formulae. Numerical methods of integration, be-
)" 
cause of their repetitive nature, lend themselves rather 
' 
easily to- the computer, which performs c.alculations which 
___ might ordinarily be sometvhat time -consuming. _ 
. ---·----"--------
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_ One of the more common techniques of numerical inte-
gration is Simpson's rule for numerical integration over 
. . -··--
.. _. 
equal intervals between known values of the integrand. 
Simpson's rule replaces the graph of the function by a pa-
rabola in each interval. The formula for Simpson's rule 
over two equal intervals is given by: 
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Simpson's rule is easily extended ;o include a greater 
-----~----
number of intervals·. In the general case,' the formula is 
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--·-------=-~-------- -----_ ·-where h = the- interval of f (x)-, (a-b·)/n, n being ·the 
number of intervals taken. 
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£0 =·f (a) 
£1 = f (at-h) 
'f2 -: f (a + 2h) 
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fn:: f (a+ nh~ = f(b) 
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··-- -------- ----------------- ... 
-- 1'h.e graphical illustration of Simpson •s rule is seen in 
Figure 3. Simpson's rule computes the area. under each -of 
the parabolas in the subrange· and sums the~ up to giv~ the 
··approximate area under the curve of· f (x) betiveen the. limits 
a and b. As tnight be expected, the accuracy of Simpson's 
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rule is increased as the· number of -intervals is · increased., · 
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approachirig ·the exact value of.;the,~ntegral of f(x) as· 
.. 
n approaches infinity. (S) 
A simple example of the use of_ Simpson's rule ·is 
given by the/:following: 
EK:ample l ~--- -- --~- . 
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Let f (x) = x2 ...- 3. It is desi~d to £ind the approximate 
I . 
'v 
.. 
value of f(x) bettieen the limits, ·1 and 3. Using .. ~ 
Simpson 's rule with n = 2, we have, 
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. Simpson's rtile can be extended to provide an approx-
~ . 
-- imate solution to a double integral C, This method of solu-
tion is knoim. as mec;:hanical cubatureo Mechanical cubature 
follows the same reasoning as single integration·- except 
· that · interv~ls are taken over both of the independent vari-
ables in the double integral.The general formula for double 
. .r integra~ion using Simpson's rule 1s: 
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values of each variable 
. Zo1 re.presents the value of the function at x = a, 
y= a'+ h 
Zio re.presents the alue of the function at x : '8+k, 
y ==a' 
•••••• 
z.um represents the V$lue of· th~ function ·at x = b, 
w limits of integration are x. :, y 1:: 
An exam~le to illustrate the method of mechanical 
1,. '··' .-':.,, 
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cubature and its accuracy is given by the following: 
Example 2 / 
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. m = 2 -and n = 2 are -shown in Table i. 
... 
·------- ---.. -
. ) '· 
.. - j .. ,. ,,..,. ·--~ ' ,-.. . ~.... - - . ---- ....._ • 1-~ ~ - =----~-----
. .. 
: . ~--- --'-----'--'- ~-- .,, __ . -
'I" -
-- ' 
.. 
• 
--~. . ..--
. ,_ 
- .. --_ .. 
. . 
. ' . 
. --~-
... -- . 
~. - - . :-- - .. 
-
. - --·--
- -,-~.r - -·-·~r-·· 
- ...... . __ ,. ' 
- .. .. .. ' . 
- - - -·•·.a,-'; . - . 
·-· - ' -
. - .. --~- :-· . ·, - • - - :Ct 
.,.:..-- . ~ '-;· - . _· - -
. -- ~ -.. 
• ,J -·- ;_ __ ~---::-~;....,.. ... - ,;- .·.: ... -,: . __ •· .·.~ __ .... - .. ._....-,..- -: -_ 
... _-· -----
, • ~---- .• •"'·' ---~-
- ... ·: L· - . ·--:p, 
.. 
. -
- . . •- .. .----.. -· -
~ . ~ ... :_. - - . 
- ·--
" 
. -:..)' 
. . 
- ----- -..... 
-------~~-~.....:...._ .. ----:~~- --~--
·:.- - - - . . . 
_.r·_":-.--
- -~--· ~ 
- ,.; . ;.-_· 
;, . -
-
.. . ·-- ~ -·.i·:·.. 
. . ,• - • ------ -
. -- . . .' -· . . . . ,- .. -. 
. -- ··- -- --- .. . . " . - ... 
.. ----.·. '_-
- -·---.. 
··-·--:t"" 
.. "'! ;..__ - ~ . • : -
... - ·- . 
-
. 
-'. 
. .._ '."-· 
- . . - . 
---·------------.-
- . " ..... ... '. ., 
---·· 
--~--- --
----~-:-: ,.; . 
~%~---=~~n,·,··,-=- --------------------------------~~~ 
- ' 
' 
I 
I 
; 
1. 
i 
- I 
' 
, 
/ 
... 
. --~ 
... 
• 
:.__ 
- ::... 
17 
,,-------------,-==--,---~~~~~--~---~-:-------------:---:-----------~--------------~------------------------------'----------~-------- ---
.... 
0 . -
-
' • 
.. -
--..--. .. 
-0 
,, 
":. ..... 
, , 
•· 
r---:o·, .. ·
. ·, .. ~ 
-----
. 
l 
-
·. -,-
.-
---
- -. - --~ -- .. 
.4. ·---
.J ••• . • 
... 
---~· 
.r·r· 
~ -.:·· 
. 
i~ 4.0 - 4.2 4.4 
2.0 0.125000 0. ll 90lf-8 0.113636 
-
~. 
2.3 0.108696- 0.103520 " 0 l)Cl !'):;142 . \. .., '-. ) ;_) 
2 
• 
6 0.096154 0.0915751 o.or:~74126 
. 
" 
-
Table 1. Values of z • -1.n Example 2 
J 
.. ; .-ii.·. 
... 
.... - • 
----
""' 
-L 
-
i. 
...• 
. 
'· 
--
i. "•· 
· I 
-· . 
.-
-·-------------
A . 
--.-.-
---
---, 
----------
-------· 
\ ... 
'T 
t_ 
t 
.i .. 
~--
, 
'.J 
.. 
" 
-;-- -. 
. .,.-
~ 
- --- -
. 
-.-
. --: ;:--. 
: . 
,i..,: • ...,,.._ - :"""~ 
.. - .. ~;~:-· ~ 
...... -·."':-.- ~- .- -
··,.:i [:!: - ·- ' . -·.- ............ ~ . -
-- ·~·-'·-· 
' 
/ 
'· 
SJ • 
- : -\ . ...--~. 18 
--·-· ----~- ---·--- - ---
-- -
------- -.> 
. .... , -- .... -~ 
_ - ·:".·I@ ~z; 0 ·~[ o;,zs~-o~ r 0.09,154 ro. os141i" 
,- . 
------ - -· -
.. 
·~ - " 
I 
... - . • • .~ . ~--• " .. _: _.· . t- . O,Jl 9 94 8) _ +- I "1 (·01f0-3-5Zo)] -J _____ .... ---·-- -- - ' 
- -------~ 
I _,/" 
.• , 
·1 
........ 
-· ' .... ' 
-
'-· o. 025 00 70 
The true value of .the integral ia: 
' (4.4rZ.·'dyclx 
) IJr ) Z, - -. X. y ' 
( 
.. 
-
- -- - - --- ~-
. 
== '"' 1.1 >t In L.3"' 
= \ 0. 0 953108 ~ o. 'Z'-l ~ ,4,. 
o. 025 oo 61 
J 
. .... 
- ,. 
---"-- .--- --The error is only 0.0250061 - 0.0250070 = -0.0000009 · _.---c6) 
------
... 
~ 4---:;_ -
- . . ...... ......._, 
.r . 
By following the line of reasoning employed in mechan-
ical. cubature, Simpson• s rule ca1;i ~asily be extended: to . ____ _ _ _ 
include multiple integration, although the work involved 
. 
increases rapidly in magnitude. To extend Simpson's rule 
_to triple integra_tion, the third independent variable, z, 
is held constant while a value is obtained for the inte-
gration of the other two independent variables as described 
previously. Z is then increased by intervals, with a new 
. . I 
, value of the function resulting tvith each value of z. 
-
A general formula -for triple integration is rather involved_, 
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~---------~.-----_· --: ___ -_--_ and-_ the solution is more easily seen by breaking ·the solu .. - ..... --- ---
·------·~-~ ,;tion down into individual formulae'. 
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Ex,ample 3 
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The exact value • (?4. 1S 
Amn represents the value of the first integration 
with respect to x; In· represents the value of the 
se~ond integrati'on with respect to y; I r~presents·. 
the value of the third integration with respect to z. 
To extend Simpson's rule to four integrals, the fourth 
: ;., 
.. 
• 
. ·-··· J 
·\ 
. 
-·: ... 
·, ... - • '".!.-· ~ ·-~- ·- "',,. ........... ...,.~ ... ·- ..... _. i,, ... -_· -- -. ..... - _,, .... _ •• - •• ;. • 
.. 
independent variable, T, is held constant while·values of 
I are found for each incremental value of T. The value of 
-
the integral is then found in the same way as I was found 
previously. The final formula is give~ as fol.lows: 
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.As'cal1: be seen 'by the. examples, the results obtained . .. ,.--·-:· ·. 
. 
by the use of Simpson's rule can be quite accurate. The two 
importan·t criteria- which dete~ine the accuracy of Simpson 'a · 
rule are the smoothness of the curve of .the function and 
the number of intervals choseri;--:-The more ·important of the 
. ---· 
. . -
. ~.] . p. 
:,;...!..._ .......... '~ • 
,-
two is the smoothness.- of the curve of the functiono As the 
curve of the function becomes ·smoother, the accuracy of 
·Simpson's rule increases. An irregular curve,, may result· 
in an unrepresentative choice of values within the inter-
vals, thus resul:ting in a greater inaccuracy than would 
r be found in a smooth curve. Choosing a large number of in-
tervals helps in reducing the error since, as the number 
of intervals·" approaches infinity, the. parabolas .of Simpson 'a 
rule more(¢losely approximate .the true curve of the-function • 
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III. Derivation of View Factor Integi:als 
I • 
In order to obtain the required number of surface to 
stir£ ace relationships necessary in the determination of the· 
--
,.. -~- .radiation in a cement kiln, it was necessary to_~erive·a 
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ar · __ v~wfactors. Three successive isothennal seg_-
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ments were chosen as representative of the segments, into 
which the ltiJ_n -v1as divided. In actuality, five successive 
segments are used~ t-cv-o on either side of a center segment, 
but three are used in the calculations because of the 
syumetry involved. It was not necessary to extend further 
~'._,) 
than two segments on either side of the center segmen·t 
.., . 
because radiation from the center segment to one beyond 
this point is negligible. The configuration of the th.~ee 
segments is seen in Figure 4. Some of the radiation emitted. 
··by the walls in segment l is seen by segment 1, some by 
segment 2, and_ some by segment 3. Of major concern is the···-._:_ 
amount of radiation. emitted by segment 1 -i'7hich • 1S seen 
by the charge in segments 1, 2, and 3. This • not to say 1S 
that the radiation emitted by segments 2 and 3 is not equally 
importarit. Rather, the relationships de.rived using ·segm nt l 
as the emitte+ are typical of those derived for any se 
'; ,J 
The view factor from surface 2 to the charge in segment 
1, F2c, can easily be determined if the charge is considered 
to be transparent. All radiation impinging on the charge 
would pass through the charge surface and strike surfaces 
. . 
.. 
. -
: _ 3 and 1. This relationship can be represented by the -equ~t~on:· .· 
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... Sindlarly ,··the fraction of radiatic:>n emitted by surface 2 
. 
which reaches the charge in segment 2 can Qe rep~esentea by:.--
. -~ ·-- ... 
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The fraction of radiation emitted by surfiice 2 which reaches · 
the charge in segment 3 is given by the equation: , 
( 31) 
.1f a non-absorbing gas is present, all radiation emitted 
by ·surface 2 must strike surfaces 2, c, and l'. The sum of 
the view factors to· these surfaces must be equal to one,. 
as' all radiation emitted by surface 2 is accoun_ted for. This 
·_ -1 
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All radiation passing through · F21 • must strike -surface;s-cf•·-~ --
4', and 2 '. This is represented by the equati"n.: 
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The relationships involving F22, F22,, and F22,, are not 
valid when an absorbing gas is present, as radiation from 
surface 2 to the gas must also be taken into account. 
This phase of view-factor'determination is not covered in 
the report • 
~ • ,? 
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The determination of the view factorJ in equation~ .. 
- -·~ ·---~~~-· -·~··---.~-·· ____ ....:.:,___ -···. -
(29) through (37) requires the calculation of F21, F23 , 
P24, P25, F26, F27, F2(l+ '), F2(4+4')' and F2(6+6•), by 
use of the equat·on 
• L • • 
. . 
the form: 
~ 
cos fm cos dt. n- 5~ .. 
P21 -can be determined by using the geometry of Figure S. 
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The expression for F21 then becomes: 
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The geometry for the determination of F24 is seen in· 
- - · · Figure 6e The equation for F24 is identic·a1 to that for 
--...... "'..:.... 
,. F21 with the exception that the limits of dh are changed 
from ''0 to h'' to ''b to 2h''. The equation: is given by: 
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· ~ geometry f Or the· determination of F26 is seen in 
-------
F_igure 7. ·T,he ,eq1t~tion for F26 is identical to that· for 
F21_ with the exc~ption_that the limits of dh are changed 
from''O to ·h'' to "-2h to 3h''• The equation is given by:_ 
f" 
·-
. - .. _,:_ 
- ~ - - J . " 
- - .. 3~ - r f'(r'-~ 1) Ya - . - - 21 Yz -
' -F-: = _. I .,. L t!>ar [( f ' e-oc.C h&+ (X, - '"''"'•>2+ (y,- ,.,oSe) J •. 
- - -- Zf> rh Ce, e,) 9 )z,"• ),. )" -· ·-
' WI ( I vZ 71 , . _ _ 
- - r - ,, -
(64) 
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F23 can be evaluated using the geometry of -Figure a. 
:- _The equation for F23 is derived from the following rela-
tionships: 
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The geometry for tr~e determination of -F25 is seen in 
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Figure 9. The equation for F25 is identical to that for 
., 
F23 with th~_exception that the limits of dh2 are changed 
from ''0 t·o h'' to ''h to 2h''• _The equation is given by: 
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·. The geometry for the determination of F27 is seen in · / · 
Figure 10. The equation for F27,,,. is identical to that for · . _ · · -
., . 
-F23 with the exception that the limits of dh2 are changed \ r- t 
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.from "0 to h'' to "2h to 3h". The equation-ii:, given by: . · 
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/p2 (l+ l' ) ca.n be evaluated using the geometry of Figure ;tl • 
The equation for F2(1+1 •) is derived from the following ,;r..., 
relationships; 
. ' 
' . ~. 
1·, - -1 ~ 
..... 
,.... 
. .. 
-------------- -~-b a-)- -
... 
; 
. . ~ 
~ cos-~ = --
- ' ' s 
= [ht TY'I. + f'I. -Zt-r cos (q-e8 t/1. 
r1 + s~~-k 1. -r~ 
2rs 
_J 
.... • ' I I < z r2 - 2 re cos (o(- e) 
- .r ___ ... 
--- - ---
-------
= ~~.Ch"'.,. r~.,. e 2 -Zre c.os Co<,.. e)J~":.c- _!_-:--~--:-'-.. --...====-~--7,)~_--
!f 
. ·---......_ . 
. I, 
I 
I -- • 
. . - _.., ______ ----
~. --- ~ --
',.,·,.·:-'!'.: 
---------------- _ __.,~ -----~'··'-------~;.~-/ _ .... =a..;'~• 
-,, , __ -,.- .. 
' "-- -·-· .·.l::. ----- .. ;::.· ---~--
- - . 
·-· ·---·.i - -
. -. ·- -~---- 'I"''--,-:·-~--·-!.,,, __ .. _ ~·-----··-~-~-. - - --____ , 
;, - ~ ..!I.'. •O --<-.-.: ____ ,-_----:-:-----.. •, • t, __ 
. . . -· . ~--~ 
. .. 
. -- - ..... " ""~ -· 
..J> -- - ... -- ---
·-··.-_-----;:::;~ ... -~-- ····-· - ----_--·-' : ·--z. 
. .., . ~ . 
-- _ _,___.. ~ 
·~ . . 
-----. 
.. . 
~T < 
----=-'----~=----1 
~----· -
.-·-·: ---~~--:-;:-:-~ . • , ,- __ ., ,_ -.,1 :: ' -
-----
·-· - ~-~~ :~c~~-:~~- ;--- .-:=.·. ·= =ci.~~~z-=-- -- . ______ ,_. , ~~·. ·_ ·• '"· . · . _ ...... ·.. .. '. ~ L _ - " - ~:-: - > l; .· 7 · •• - • - ~ _ • ._ • : • • • ·-· 
·,· 
. . ... - -- .... ,, ~ 
.. 
_..;. . 
' ~----- _, 
. , 
~ -·' I . --
- - ' 
. -_- - ... ~ . 
-- "- - ---
---·- --·---
-
---·----------- ----·--------------- ---- -·-- -- -·· 
-~- - --~-r-=-r-T - - - - - -
- - -
--, - ------, r,- ~,...,.------,-n,~ 
_--,_ ... . . _;;.. -··: - - _,;..:_ .. .J \. -----, --
. - .· ---·---
,. __ -
--~-- -
- .. ·----
_..··. 
·. ,.-' 
- ---: i . 
j,~ 
- --'.:t.' 
. 
--~ 
~; 
I;' . 
. = 11:: 
l 
.. -_-·, 
,-
~ - ' 
...J 
_J 
I 
~ . 
.. 
I 
,: '· 
I 
! ... 
. . . 
- . 
' . . 
.._ - 39 
. - . . 
---~"- --- (13) .. - - -~- ·II 
-r--? _(74) 
- . j 
CG1Dbining terms, the expression for' F2(1+1,) becom~: 
f • 
- . .---
-(75) 
/ The geometry for the determination of F2(4t-4 ,) is 
given in Figure 12. The equation for F2 c4+4 ,) is identical 
to that for F2(l+li) with the exception that the limits 
of db are changed from ••o to h'' to- ''h to. 2p''• '!be equation 
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The geometry for the determination of-- F2 c6+6 , ) is given 
in rigure 13. The eq.uation for F2(6+6,) is identical to that 
for F2(l~l') with the _exception that the limits of dh are 
- ~- -- - ·~ . .  
· changed from ''0 to h'' to ''2h to 3h1• ~ The equation. 1s 
-·-·· ------ •. - ~-· -. : ~ 0 '- 'given by: . ·_- -··· - .~'-· ------~---·-- -- ·--· -~--- --_-- --·- --: --· --- -_--· ---, -- -- · ----- ---- ----- ___ _ 
----- -;-- --·-:4_ -- •. :~--------·-
. --, -·1 i __ 
·-·- -, ... _ ~ .. ·- _ _/ 
-· - ---- .. 
. ,, 
. . -- -· ' ••• . . - - - -
- . 
- - f· 
~ .. ·._:_- "- -· 
- - •• -· - -- - .- - -~>·~--t.- - ---
_: ___ . __ ... -----,-------,·,----- ____ ,_ ~---·-· 
- ::,,----- .- . --:-- __ ---- . . . . ~ ----. 
-- --
. . . -
I .• --~,- _.- •... 
. ' -
- ·_ - :.· -~ _: __ ... '"·.-~-. -#""':""'.:__-=.._------="' - -......... 
-~ 
- -
-- , ,'. _..,,-.- -' ·- ·-- -~- r -~· - --- :- ·--·--
- --
--~--~ 'i-. ; 
-·· 
. . . . ·: -·· --
-- : " -::---- - ~--S...-: -- -: ', . '}. - .. '.' ·"':"_;-.~- ::. -\ . . -~ .. :___ ..• ;·· - . . 
. . ::. 
• .-.. -~ .'_.-. . , • -- -~- •• I • 
. . :7•, .• - . . ~-, - · 1 ' ' 
--· . ---
~---· ~--- ~-~.:_ __ -_- - . 
_ .. ; . - ~,..,,.,_ 
. • ~-- --·- • . :; - .-~- ·: • _ ... ·.. - ':- =-
:-. - - .· -.·· ·· __ . ·• -· . - -.--- .-_ .""-'--:~ --~-
- ·- --- ... --I ·. . 
1:· __ .-___ ,, -· .•.. -
- -· 
-. --- .- -~~ - . _:.:_.. ----... . - - --· ----------- - -~--------· 1:...,.-. - - ··:···--" ·. ----~""~----.:.·~-' . ~ 
__ ..,..,___ 
--- -- ;-~------ --·--~-- :., . '_ .. _ -~ - ~ ---
lie • .. .·-,. .,, . . , , . ,. .. . . . ... .• . . . . . ----:-, 
' 
-
. -~ ~;_•:• • C •• _..:...__,:_ __ --, _.i - • • ~' ~ : ~,.-~.._., .... ,.._ • •" ' ~ "' • .-r-1 
.. ,. ' ___ · . . . '_ \;t' ·;~~"-:·• ..... ·.·. ~-::~ ~: . .:~-::-·-. ·~---.. -. -) .. ·· .......... ~-c··. __ · __ . , ·:--~ _: . 
. ' ' '--. 
- . 
' ,;:-:-;:. 
------ ·1 
-· .. 
~-:>··· 
.. -·· 
-··-
--- -- : - ---- -- : -----~--: --- ---
. ' 
,l 
~ 
~, 
~ 
f 
I 
:1 
t 
I 
i 
I 
I 
. I 
I 
I 
i 
' -
! 
- ..__ 
' 
' 
l 
I 
' 
' 
t 
:~ . 
.. - - - ----- ---
'·-· 
! 
, . 
·-
.r 
• 
.. •-· - • ___ -.---.·--=--~~=-·::.··~·· 
• + 
40 
- ---- ---
..... -- .. 
,--
- -
- 1 
- • 
r 
. . 
- . 
t 
(11) . 
.. ' . ... 
-As can be seen by the complicated f o;rntulaei the view-
£ actors are not easily- obtainable by ordinary integra.tion. 
I 
As mentioned previously, it was necessary to solve the in-,~ 
0 tegrals by· numerical integration. In order to justify 
the method of numerical integration as sufficiently accurate, 
·a sample problem was tested for which the exact solution . 
was known and which was similar in nature to ·the integrals 
, 
which were to be determined. The sample problem required 
'1 
. the determinatJ;"on of the view factor, F21, from the side:· 
(l 
wa~ls of a cylinder to the end walls (See Eigure 14). 
·nerivation of the view factor integral is as follows: 
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The quadruple integral was first integrated-with respect 
to h, and the reniaining triple integral 1v1as evaluated 
using Simpson's rule with n equal to 4o For the case of h 
equal to 2 and r equal to 1, the answer using Simpson's 
rule was 0.206895, while the exact value was found· to -be· 
.. ·- -- -· ·--- - - .. - --- t 
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0. 207107, a difference of 0.000212,slightly more than 0.1 
per cent. 
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IV. Computer Program · · ' --
: 
. 
ti • • ' . . . • • ~ Numerical integration of quad~ple integrals requires 
an excessive amount of repetitive calcul.ations. Tw{" nature 
_/ 
-
of these calculations makes them ideally suited for the 
. _digita;L computer. A Fortrl:ln p~~~ram to compuete the required 
. . 
vi~w: factors was written for use on the GE225 computer. - -
/ Highlights of the program are discussed in the succeeding 
paragraphs. 
Quadruple integration was accomplished by a series 
' 
of ''DO'' loops, which incremented each of the independent 
variables~. The first variable to be integrated was located 
within the ''DO" loop of the second; the second within the 
. ''DO'' loop of the tnird, and the third within that of the 
fourth. , 
~-
Experie.t;1.ce with previous calculations_ and error messages 
made necessary several precautionary measure.~ within the 
program. In the determination of the view factor in the 
/ 
' 
sample problem, it was noted that the result was correct 
,.· 
" 
only when-the absolute values of the functions of the vari-
able angles were used. The use of the\._1absolute values in-
sured the calculation of a positive area when the curve of the 
.. 
function fell below the positive· axis. Also notice.d.. in th~ 
calculations was the fact that at certain values of the vari-
. 
able angles, it was possible to come up with a zero denom-
inator. In ord~r to insure that this would not happen, it 
was necessary to shift the limits on the angles and to test 
the incremen'f.:al values lor this occurrence. The possib~lity 
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C 
of the zero denominator when the angles were equal ) -
to zero or ninety degrees o An "IF'' statement was used as 
·the test function. If the undesirable value of the angle 
appeared, the program would change the limits and retest. 
, until·_ the angle -had. a satisfactory -value. 
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v. Results 
Values are listed in· Table ·3 .for v.iew factors determined 
-on ; the . computer. · __ 
- , 1i - • 
.. . -- '. 
· _ · A:· cautionary note .is added in considering the view 
-
-
,· · .. -factors 1~1hen an absorbing gas is present. These view fac- . 
· . 
tors are de:'i:ermined tr1ith an absorbing. gas--between the sur-
' ' . 
·-., . 
faces, but some of the v.olume considered to be taken up by 
' ... - ..,- ..;.· 
. ' . 
-the gas is actually taken up by the charge. The view factors, 
for this reason, are not completely accurateo However, the 
error is small if we consider that the volume of the charge 
l!i: 
is small with respect to the gas volume. The results can 
still be considered to be well With,in engineering ac~racy. 
Table 4 is a listing of the values .of F2c, F2c •, F2c •. •, 
.· ·:v22, F22,, and F22'' calculated for the case of o<==O, where 
0( is ·t.ne ·absorption coeff icienki: of the gas e 
Values of F2c, F20 , , and F2c, , are plotted against ot. R · 
··.~in Figure 15, where R is the radius of~ the kiln. 
Alt· value-s listed in the above tables are taken for the 
.~- ....... ' 
- . -- . ..,,- . - -. ·-
case. of height eq.ual to twice the radius. 
Accuracy of view factors belo~. 0.01 plotted in Figure 
15 is.questionable. Slight inaccuracies in the calculations~ . 
using high order numbers ( l.O, 2.0, etc.) would tend.to 
? • 
. I 
__ .............. -
magnify themselves rapidly when -d_ealing with low order .... -. 
---.J. 
numbers ( OoOOS, 0.001, etc.). However, the i~accu~acies 
·~. 
of these low order view factors is not significant as they ~y 
. -·-
Y· 
effectively be considered equal to zero for heat transfer 
. () 
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Integration by use of Simpson's rule provides an effec-
tive means of determining surface to surface view factors 
in a cement kiln. Accur~cy of the results for triple- inte-
. . ' 
-
"~--. ,-- - -~-~----grat!_on is ju-stified by the example problemo · For qu·adruple 
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integration, the accuracy was justified by comparing the 
results for the case of ~=Oto the. results obtained in a 
program written without considering the equation for an ab- -
a orbing gas. The integral was once·-· integrated, an~ the re- · 
maining triple integral solved on the computero The values 
•, 
obtained by the two methods were within one per cent of 
.. 
\' i.1. ' 
eac~-~ other. ·.-. .,.... . . ~.· ,,· /. 
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The main drawback to this method of ·solution is the 
amount of compute~ time involvedo Each data c~rd (~e value 
of «) took· tl1.irty~nine minutes to run on the computer. It is 
suggested that ·future programs be written to make the bes·t 
... . .......... 
use of computer time • J ' I' 
It is suggested that the results be extended to include 
" 
different ratios of._ ·height to radius, and different values 
of the charge volume. A lack of computer time prevented thi~ 
from being done • 
Surf ace to surface view factors are on·ly a part of the 
"method of zones". It is suggested that further work be 
done along this l.ine to include surface to gas vie\v factors, 
'-· .• ._.,_c.·;··· 
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gas to surface vieit factors, ga~ to gas v,iew factors, and t-be · 
.. actual determination of the radiation 'along the, kiln. 
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